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ABSTRACT
We present the data release paper for the Galaxy Zoo: Hubble (GZH) project.† This is
the third phase in a large effort to measure reliable, detailed morphologies of galaxies
by using crowdsourced visual classifications of colour composite images. Images in GZH
were selected from various publicly-released Hubble Space Telescope Legacy programs
conducted with the Advanced Camera for Surveys, with filters that probe the rest-
frame optical emission from galaxies out to z ∼ 1. The bulk of the sample is selected to
have mI814W < 23.5, but goes as faint as mI814W < 26.8 for deep images combined over
5 epochs. The median redshift of the combined samples is 〈z〉 = 0.9± 0.6, with a tail
extending out to z ' 4. The GZH morphological data include measurements of both
bulge- and disk-dominated galaxies, details on spiral disk structure that relate to the
Hubble type, bar identification, and numerous measurements of clump identification
and geometry. This paper also describes a new method for calibrating morphologies
for galaxies of different luminosities and at different redshifts by using artificially-
redshifted galaxy images as a baseline. The GZH catalogue contains both raw and
calibrated morphological vote fractions for 119, 849 galaxies, providing the largest
dataset to date suitable for large-scale studies of galaxy evolution out to z ∼ 1.
Key words: galaxies:structure — galaxies:high redshift — galaxies:evolution —
methods:data analysis — catalogues
c© 2016 The Authors
ar
X
iv
:1
61
0.
03
06
8v
2 
 [a
str
o-
ph
.G
A]
  1
4 O
ct 
20
16
2 Willett et al.
1 INTRODUCTION
The morphology of galaxies encodes information on the or-
bital parameters and assembly history of their contents, in-
cluding gas, dust, stars, and the central black hole. The mor-
phology is also closely related to the local environment of
the galaxy, as mutual interactions such as tides, shocks in
cluster environments, and direct mergers can all change the
shape of the galaxy’s gravitational potential. For M? galax-
ies in the local Universe, this interplay between the phys-
ical development of a galaxy and its external appearance
typically manifests at the most basic level as the differ-
ence between bulge-dominated systems with no/little spi-
ral structure (early-types) and disk-dominated, rotationally-
supported galaxies (late-types) frequently exhibiting spiral
arms. This dichotomy has been used to explore much of the
astrophysics governing galaxy formation and evolution, and
has been shown to be closely linked with other galactic prop-
erties such as stellar mass, halo mass, bolometric luminosity,
black hole activity, effective radius, and the relative ages of
the stellar populations.
The advent of larger telescopes sensitive to a full range
of observing wavelengths has revealed that the distribution
and properties of galaxy morphology have strongly evolved
over the lifetime of the Universe. At redshift z ' 1 (roughly
6 Gyr after the Big Bang), many galaxies are still in the
process of assembling the baryonic mass required to repro-
duce the mature, coherent structures seen in the present
day. This growth occurs in a variety of ways, including ac-
cretion of baryons from large-scale galactic filaments onto
halos via streaming, mergers of individual dark matter ha-
los along with their baryons, conversion of gas into stars
through gravitational collapse and star formation, etc. The
process can also be slowed or even reversed via feedback
from stellar winds, supernovae, and active black holes. Each
of these processes affects the galaxy morphology in different
ways, and so an accurate measurement of the demograph-
ics as a function of redshift provides an extremely powerful
observational constraint on the physics involved (for recent
reviews see Buta 2013; Conselice 2014).
Theoretical predictions for the morphology of galax-
ies as a function of redshift are primarily computed within
the ΛCDM cosmological framework. Full treatments model
gravitational interactions between baryons and dark matter,
hydrodynamics of the gas, and baryonic physics related to
star formation and evolution. The most advanced simula-
tions now span volumes up to ∼ 100 Mpc3 while simultane-
ously resolving the smaller (< 1 kpc) scales necessary to re-
produce the influence of baryonic physics (Vogelsberger et al.
2014; Schaye et al. 2015). Such simulations predict clustering
of galaxies on large scales in a hierarchical assembly model
(Silk & Mamon 2012). The structure of individual galaxies
is affected by their merger history (Toomre & Toomre 1972;
Steinmetz & Navarro 2002; Hopkins et al. 2010; Kaviraj
2014a,b), local environment (e.g., the morphology-density
relation; Dressler 1980), initial dark halo mass, secular evo-
lution rate, and many other factors. Morphologies of indi-
vidual simulated high-mass galaxies at z ∼ 2− 3 commonly
show kpc-scale “clumpy” structures, with few galaxies that
are either smooth or well-ordered spirals; asymmetric galax-
ies with strong density contrasts dominate simulated popu-
lations in the early Universe until at least z ∼ 1 (Bell et al.
2012; Genel et al. 2014).
Observational studies of galaxies at high-redshift also
display a wide range of morphological types, many of which
are rare or absent at z ∼ 0. These include spheroids and
disks (akin to the ellipticals and spirals seen in the local Uni-
verse), but also a significant population of massive, more ir-
regular galaxies, including mergers, tadpoles, chains, double-
clumps, and clump-clusters (Elmegreen et al. 2005, 2007;
Cameron et al. 2011; Fo¨rster Schreiber et al. 2011; Kartal-
tepe et al. 2015). In contrast, while grand-design spirals have
been observed as far back as z = 2.18 (Law et al. 2012a),
their spatial density suggests that they are exceedingly rare
at these high redshifts, with a very low overall disk frac-
tion (Mortlock et al. 2013). Current observational data thus
strongly suggests that the classical Hubble sequence/tuning
fork (Hubble 1936) is not a suitable framework for charac-
terising high-redshift morphology.
Space-based observatories, particularly the Hubble
Space Telescope (HST ), have been responsible for the bulk
of imaging studies of high-redshift galaxies. Observations of
fields with very deep imaging (eg, Williams et al. 1996; Gi-
avalisco et al. 2004; Beckwith et al. 2006; Davis et al. 2007;
Scoville et al. 2007; Grogin et al. 2011; Koekemoer et al.
2011) give the photometric sensitivity necessary to detect
L? galaxies at z > 1, while also providing the angular reso-
lution to distinguish internal structure and characterise the
morphology. While these measurements are helped by the
fact that the angular diameter distance is relatively flat be-
yond z > 1 in a flat ΛCDM cosmology, the relevant an-
gular scales are only of the order ∼ 5 − 10 kpc/′′ (Wright
2006). HST can thus resolve much of the structure for a
Milky Way-sized galaxy out to moderately high redshifts (at
least distinguishing a disk from a bulge), but is limited for
more compact structures. Since the size of galaxies evolves as
roughly r ∝ (1+z)−1 (Mao et al. 1998; Law et al. 2012b), the
compact sizes of high-redshift galaxies make detailed mor-
phologies a challenge even for HST (Chevance et al. 2012).
However, the public availability of more than 105 galaxies in
archival imaging has generated a sample with the potential
for statistically-robust studies of galaxy demographics and
evolution.
One of the major difficulties in studying the morpholo-
gies of galaxies lies in the techniques used for measurement.
Visual classification by experts has been used for many
decades (eg, Hubble 1926; de Vaucouleurs 1959; Sandage
1961; van den Bergh 1976; Nair & Abraham 2010; Baillard
et al. 2011; Kartaltepe et al. 2015). These methods have
the advantage of using the significant processing power of
the human brain to identify patterns, but suffer from is-
sues such as lack of scaling to large surveys and poten-
tial issues with replicability and calibration (e.g., see Lahav
et al. 1995 for a discussion on the extent to which eight
expert classifiers agree with each other). Automated mea-
surements, both parametric (Peng et al. 2002; Simard et al.
2011; Lackner & Gunn 2012) and non-parametric (Abra-
ham et al. 2003; Conselice 2003; Lotz et al. 2004; Scarlata
et al. 2007; Bamford et al. 2008; Freeman et al. 2013), scale
well to very large sample sizes, but do not always fully cap-
ture the relevant features, especially for asymmetric galax-
ies that become increasingly common at high redshifts. The
Galaxy Zoo project (Lintott et al. 2008; Fortson et al. 2012)
MNRAS 000, 1–28 (2016)
Galaxy Zoo: Hubble 3
utilises crowdsourced visual classifications to measure galax-
ies in colour-composite images. The efforts of more than
200,000 classifiers allow for multiple independent classifica-
tions of each image which are combined and calibrated to
give a distribution of vote fractions proportional to the prob-
ability of a feature being visible. While crowdsourced data
require extensive calibration (Bamford et al. 2009; Willett
et al. 2013), they have a proven reliability and have been
used for a wide variety of scientific studies (eg, Land et al.
2008; Bamford et al. 2009; Darg et al. 2010; Masters et al.
2011; Skibba et al. 2012; Simmons et al. 2013; Schawinski
et al. 2014; Willett et al. 2015; Smethurst et al. 2016).
This paper presents the classifications collected from
the Galaxy Zoo Hubble (GZH) project.1 GZH was the third
phase of Galaxy Zoo, following its initial results classify-
ing ∼ 900, 000 Sloan Digital Sky Survey (SDSS) images
into primarily early/late types (Lintott et al. 2011) and
Galaxy Zoo 2, which covered a subset of ∼ 250, 000 images
using a more detailed classification scheme that included
bars, spiral arms, and galactic bulges (Willett et al. 2013).
GZH used a similarly detailed classification scheme, but fo-
cused for the first time on images of high-redshift galaxies
taken with HST. The Galaxy Zoo: CANDELS project has
also classified morphologies of galaxies at high redshift, but
using ACS and WFC3 rest-frame infrared imaging (Simmons
et al., submitted).
The sample selection and creation of the images used
for GZH is described in Section 2. Section 3 describes the
GZH interface and the collection of classifications. Section 4
outlines the process used to calibrate and correct the crowd-
sourced vote fractions for redshift-dependent bias. Section 5
gives the main catalogue of results, with several examples of
how the data may be queried in Section 6. Section 7 gives
a short overview of the observed morphological demograph-
ics and compares them to several other catalogues, with a
summary in Section 8.
This paper assumes the WMAP9 cosmological param-
eters of (Ωm,ΩΛ, h) = (0.286, 0.714, 0.693) (Hinshaw et al.
2013).
2 SAMPLE AND DATA
The GZH project contains images drawn from a number
of different dedicated surveys and sample selection crite-
ria. The majority of the data (as implied by the project
name) were sourced directly from HST Legacy Surveys, all
of which primarily used imaging from the Advanced Camera
for Surveys (ACS). In addition to HST images, the project
uses images from SDSS Stripe 82, as well as simulated HST
images from multiple sources. Below we provide details on
each source of imaging and describe the creation process
for images shown to classifiers. We also detail the sources
of metadata for galaxies in the sample, such as photometry
and redshifts.
1 http://zoo3.galaxyzoo.org/
2.1 Hubble Legacy Surveys
Image information from multiple HST surveys were com-
bined into a single photometric and morphological database,
the Advanced Camera for Surveys General Catalog (ACS-
GC) by Griffith et al. (2012). A summary of the key param-
eters of the ACS-GC is given in Table 1.
The properties of the individual surveys are as follows:
• The All-Wavelength Extended Groth Strip Interna-
tional Survey (AEGIS; Davis et al. 2007) covers a strip
centred at α = 14h17m, δ = +52◦30′. This area of the
sky was selected for a deep survey due to a combination
of low extinction and low Galactic/zodiacal emission. The
ACS images covered 63 separate tiles over a total area of
∼ 710 arcmin2. The two ACS bands for AEGIS had exposure
times of 2300 seconds in F606W (V606W ) and 2100 seconds
in F814W (I814W ). The final mosaic images were dithered
to a resolution of 0.03 ′′/pixel. For extended objects, the
limiting magnitude of sources was 26.23 (AB) in V606W and
25.61 (AB) in I814W .
• The Great Observatories Origins Deep Survey
(GOODS; Giavalisco et al. 2004) covered two separate fields
in the Northern and Southern Hemispheres: the Hubble
Deep Field-North (α = 12h36m, δ = +62◦14′) and the
Chandra Deep Field-South (α = 03h32m, δ = −27◦48′). The
HST ACS imaging data from the two fields are referred to
as GOODS-N and GOODS-S, respectively. ACS imaging
in GOODS fields used 4 filters – F435W (B435W ), V606W ,
F775W (i775W ), and F850LP (z850LP ). The mean exposure
times for each epoch varied by band, from 1050–2100 sec-
onds. The B435W images were completed in a single epoch
at the beginning of the survey, but the V606W , i775W , and
z850LP images were taken in five separate epochs separated
by 40–50 days each. GZH includes co-added images from
GOODS at both 2-epoch and 5-epoch depths. Images were
dithered to a pixel scale of 0.03 ′′/pixel and covered a total
area of ∼ 320 arcmin2 (160 arcmin2 each for the north
and south fieldss). The 5σ limiting magnitude for extended
sources was 25.7 for V606W and 25.0 for i775W .
• The Galaxy Evolution from Morphologies and SEDs
(GEMS; Rix et al. 2004; Caldwell et al. 2008) survey was cen-
tred on the Chandra Deep Field-South. The GEMS data cov-
ered ∼ 800 arcmin2, completely surrounding the area cov-
ered by GOODS-S. Images from ACS in GEMS had 1 orbit
per pointing for a total of 63 pointings. The exposure times
were 2160 and 2286 seconds in V606W and z850LP , respec-
tively. The image resolution had a pixel scale of 0.03 ′′/pixel.
The 5σ limiting magnitude for source detection was 25.7 AB
in V606W and 24.2 AB in z850LP .
• The Cosmic Evolution Survey (COSMOS; Scoville et al.
2007; Koekemoer et al. 2007) covered an area of ∼ 1.8 deg2
centred at α = 10h00m, δ = +02◦12′. Its location near the
celestial equator was designed to enable coverage by ground-
based telescopes in both the Northern and Southern Hemi-
spheres, in addition to space-based observatories. The ACS
data for COSMOS consisted of 1 orbit per pointing with an
exposure time of 2028 seconds in I814W ; 590 total pointings
were used to cover the entire field. The image resolution was
dithered to 0.05 ′′/pixel. The 50% completeness magnitude
for a galaxy with a half-light radius of 0.50′′ in I814W was
24.7 mag.
MNRAS 000, 1–28 (2016)
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Figure 1. Transmission curves of the filters used by HST Advanced Camera for Surveys (ACS) in wide-field channel mode for the
various surveys in GZH. The unfilled black curves show the filters for the Suprime Camera on Subaru, which was used to create colour
gradients in the GZH COSMOS images.
In the ACS-GC, individual galaxies were identified us-
ing a combination of SExtractor (Bertin & Arnouts 1996)
and the galaxy-profile fitting framework Galapagos (Bar-
den et al. 2012). GZH included all galaxies with m < 23.5,
where m is in the I814W , z850LP , or i775W for the AEGIS &
COSMOS, GEMS & GOODS-S (2-epoch), and GOODS-N
(2-epoch) surveys, respectively. The full-depth GOODS im-
ages from both fields included galaxies with m < 26.8. This
yielded a total of 119, 849 images (Table 1).
Images from HST legacy surveys were used to create
multiple different colour and greyscale images using different
depths and filter combinations; these are described further
in Section 2.4. Additionally, the use of a small set of HST
images to create simulated images of active galactic nucleus
(AGN) host galaxies is described in Section 2.3.1.
2.2 The Sloan Digital Sky Survey
The GZH project also includes images from the SDSS (York
et al. 2000; Strauss et al. 2002), in particular those from
Data Release 7 (Abazajian et al. 2009). A small number of
images were used in the creation of simulated HST images,
described in Sections 2.3.2 and 4 below. The majority of
SDSS images used in GZH were from Stripe 82, including
both single-epoch and co-added images. The single-epoch
images provide a local sample for comparison to higher-
redshift galaxies (including the new measurements of clumpy
structure), while the co-added images allow for analysis of
morphological properties as a function of image depth.
Single-epoch images from SDSS Stripe 82 were selected
using the criteria from Willett et al. (2013), which required
limits of petroR90_r> 3′′ (where petroR90_r is the radius
containing 90% of the r-band Petrosian flux) and a mag-
nitude brighter than mr < 17.77. 21,522 galaxies in SDSS
met these criteria. Co-added images from Stripe 82 were se-
lected from the union of galaxies with co-added magnitudes
brighter than 17.77 mag, and the galaxies detected in the
stripe-82-single images and matched to a co-add source.
This resulted in a total set of 30,339 images. Of the images
in the co-added sample, 5144 (17 percent) were dimmer than
the initial cut of 17.77 mag.
2.3 Simulated HST images
To facilitate correction of classifications in the presence of
known redshift bias (Section 4), GZH includes two different
samples of simulated HST images: real HST galaxy images
(Section 2.1) with nuclear emission added to simulate AGN
host galaxies, and lower-redshift galaxy images from SDSS
(Section 2.2), artificially redshifted from 0.3 ≤ z ≤ 1. Each
is described separately below.
2.3.1 Images with simulated nuclear point sources
As active galactic nuclei often have bright, unresolved op-
tical emission, AGN have the potential to mimic or dis-
tort the identification of a bulge component. GZH thus in-
cludes a set of images designed to measure the effect of
AGN on morphological classifications. The presence of an
AGN was simulated by modelling the point spread function
(PSF) of the telescope and then inserting a bright source
MNRAS 000, 1–28 (2016)
Galaxy Zoo: Hubble 5
Table 1. Summary of GZH Hubble Space Telescope imaging
Survey Total texp Filters Resolution Area Ngalaxies
[sec] [′′/pix] [arcmin2]
AEGIS 2100−2300 V606W , I814W 0.03 710 8507
COSMOS 2028 I814W 0.05 6480 84954
GEMS 2160−2286 V606W , z850LP 0.03 800 9087
GOODS − − − − −
GOODS-N 2 epoch 2100−4200 V606W , i775W 0.03 320 2551
GOODS-S 2 epoch 2100−4200 V606W , z850LP 0.03 320 3593
GOODS-N 5 epoch 5100−10500 B435W , V606W , i775W , z850LP 0.03 ′′ 6015
GOODS-S 5 epoch 5100−10500 B435W , V606W , i775W , z850LP 0.03 ′′ 5142
all HST surveys − − − 8630 119849
near the centre of a real galaxy. For each image, the simu-
lated AGN was assigned one of three colours – either blue,
red, or flat (white) as seen in the colour images – and a
range of brightnesses such that Lratio ≡ Lgalaxy/LAGN is in
(0.2, 1.0, 5.0, 10.0, 50.0). Combining these parameters gener-
ated 15 images with different simulated AGN for each host,
in addition to the original galaxy image.
Two sets of simulated AGN were generated in GZH.
The first set (version 1) was assembled from 95 galaxies
from GOODS-S imaging and empirical PSFs made by com-
bining stars in the GOODS fields using the PSF creation
tools in daophot (Stetson 1987). The second set (version 2)
was assembled from 96 galaxies in GOODS-S; this version
used simulated PSFs from TinyTim (Krist 1993), drizzled
using the same procedures as those used in the reduction
of the GOODS-S images (Koekemoer et al. 2002, 2003; Gi-
avalisco et al. 2004). The use of these two versions facilitates
comparisons between these different PSF creation methods,
which are widely used in AGN host galaxy morphology stud-
ies (e.g., Sa´nchez et al. 2004; Simmons & Urry 2008; Pierce
et al. 2010; Simmons et al. 2011). Each PSF creation method
has advantages and disadvantages: the empirical PSFs bet-
ter represent the nuances of the PSF in the specific data
being used and look more realistic at lower luminosities, but
the extended features of the noiseless TinyTim PSFs are vi-
sually more realistic at higher luminosities.
Images with simulated AGN were classified in the in-
terface in an identical manner and were evenly distributed
with unaltered images of the galaxies. Volunteers were not
explicitly told that the images had been altered during clas-
sification, as the goal was to measure the effect on normal
classifications using the same technique as closely as possi-
ble. Following classification, a classifier could view a page
with additional details about each galaxy; where applica-
ble, these pages contained further information regarding im-
age modifications. Simmons et al. (2013) used the simulated
AGN host galaxy images for more reliable identification of
bulgeless galaxies hosting AGN in SDSS data.
2.3.2 Generating images of artificially-redshifted galaxies
The dimming and resolution effects of redshift can signifi-
cantly affect galaxy classifications derived from any method.
To facilitate corrections due to redshift, we include a sam-
ple of 288 galaxies with SDSS imaging that can be trans-
formed to simulate HST imaging out to z = 1. The SDSS
images were redshifted and processed to mimic simulated
HST imaging parameters using the ferengi code (Barden
et al. 2008).
In addition to the physical parameters of the input im-
ages, the ferengi output depends on assumptions of the
global galaxy evolution model. This evolution is parame-
terised by a crude model that mimics the brightness increase
of galaxies with increasing redshift (e.g., Lilly et al. 1998;
Loveday et al. 2012). The effect on the redshifted images is
simply an empirical addition to the magnitude of a galaxy
of the form M ′ = e×z+M , where M ′ is the corrected mag-
nitude, and e is the evolutionary correction in magnitudes
(e = −1 essentially brightens the entire galaxy by 1 magni-
tude by z = 1). ferengi was run on the images for values of
e starting from e = 0 and decreasing to e = −3.5 in incre-
ments of ∆e = 0.5. Figure 2 shows several examples of the
effects of “losing” spiral/disk features with increasing red-
shift for two galaxies with no evolution corrections (e = 0);
as the signal-to-noise ratio in the images decreases and the
galaxies become fainter, the contrast between features like
spiral arms goes down and ffeatures drops to the point where
both galaxies would have been classified as likely ellipticals.
The final number of ferengi images produced for each
galaxy is ultimately a function of the galaxy’s redshift (since
the new images cannot be resampled at better angular res-
olution than the original SDSS data), as well as the number
of e values selected. The use of these images to correct for
redshift-dependent bias is described in Section 4.
2.4 Creating colour images
The images used for classification in GZH were colour-
composite JPEGs made from multi-band data. These were
created following the method of Lupton et al. (2004), which
preserves colour information irrespective of intensity. An as-
inh intensity mapping was applied to enhance the appear-
ance of faint features while avoiding saturating galaxy cen-
tres. The relative scalings of the filter bands were chosen
to reproduce the colour appearance of the SDSS images in
previous iterations of Galaxy Zoo.
Many of the Legacy surveys described in Section 2.1
provided HST images in only two filters. For these, the
shorter-wavelength band was mapped to the blue channel,
the longer-wavelength band to the red channel, and the
green channel created by taking the arithmetic mean of the
red and blue. The bands used in each of the surveys are
MNRAS 000, 1–28 (2016)
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Figure 2. Examples of two galaxies which have been run through the ferengi code to produce simulated HST images. The measured
value of ffeatures from GZH for the images in each panel are (1) Top row: ffeatures = (0.900, 0.625, 0.350, 0.350, 0.225) and (2) Bottom
row: ffeatures = (1.000, 0.875, 0.875, 0.625, 0.375).
listed in Table 1. Although four bands were available for the
GOODS survey, only two bands were used to create the origi-
nal 2-epoch images, for consistency with AEGIS and GEMS.
The 2-epoch GOODS-N and GOODS-S images were created
using differing filters — this was a deliberate choice made
so that the GEMS images could be directly compared with
the overlapping coverage of GOODS-S (Figure 1).
Only 2-epoch GOODS images were included at the
launch of GZH. Deeper, 5-epoch GOODS images were added
into GZH in March 2015. The deeper images made use of the
full four-band data by using the arithmetic mean of B435W
and V606W in the blue channel, I814W in the green channel,
and z850LP in the red channel.
The COSMOS survey provides only I814W HST imag-
ing. For these galaxies, GZH used “pseudocolour” images
created by using the ACS I814W data as an illumination
map and ground-based imaging from the Subaru telescope
in BJ , r
+, and i+ filters to provide colour information (see
Griffith et al. 2012 for further details). This resulted in im-
ages with the angular resolution of HST (∼ 0.05 ′′/pixel) for
the overall intensity, but colour gradients at ground-based
resolution, with seeing between 0.95′′ and 1.05′′ (Taniguchi
et al. 2007).
Stripe 82 single-epoch images were taken directly from
the DR7 SDSS SkyServer, which combined g′, r′, and i′
exposures into the RGB channels (Nieto-Santisteban et al.
2004). The co-added Stripe 82 images were assembled from
runs 106 and 206 in DR7 and processed into colour compos-
ites in the same manner as previous iterations of Galaxy Zoo.
In some cases, we found that attempting to emphasise
faint features in the images resulted in the sky noise taking
the appearance of brightly-coloured speckles. This impaired
the aesthetics of the images and was considered a potential
distraction to visual classification. To counteract this, a soft-
edged object mask was applied to the colour images and a
desaturation operation performed. This masking procedure
was effective in preserving the colour balance for galaxies
and retained the visibility of faint features, while reducing
the colour contrast in the sky noise and greatly improving
the appearance of the images. This solution was applied to
the coadded Stripe 82, COSMOS and 5-epoch GOODS im-
ages.
In addition to the primary HST legacy imaging sample
with coloured images described as above, GZH also includes
samples of HST galaxy images with different colour prescrip-
tions. In particular, there are two sets of 3,927 images each,
drawn from the COSMOS sample; the first has a dramati-
cally reduced colour saturation, and the second has reversed
the colours so that the blue and red filters have exchanged
places in the RGB image. The “faded” galaxy set facilitates
measuring of possible variations in classification due to the
presence or absence of colour features. The “recoloured” set
enables an alternative test of potential colour biases in clas-
sifications.
The simulated AGN host galaxy colour images (de-
scribed in Section 2.3.1) were created using the same pre-
scription as for the GOODS 2-epoch imaging. The artificially
redshifted colour images (Section 2.3.2) were created using
the same prescription as for the AEGIS images.
2.5 Galaxy sample labels
The full GZH sample is composed of 8 different galaxy sub-
samples. Throughout this paper and in the published cata-
logues they are referred to with the following labels:
• main: HST imaging with RGB colours making use of
all available filters with typical saturation and in correct
order, as described in Section 2.4. This sample includes
AEGIS, COSMOS, GEMS, and full-depth GOODS (North
and South) images. (113,705 galaxies)
• faded: a subset of COSMOS images with very low
colour saturation. (3,927 galaxies)
• recoloured: a subset of COSMOS images with red and
blue channels reversed. Note: this sub-sample uses the same
galaxies as the faded sub-sample. (3,927 galaxies)
• goods-shallow: Images from GOODS-North and
GOODS-South, with colour from 2 filters and imaged at
2-epoch depth. (6,144 galaxies)
• stripe-82-single: Single-epoch images from SDSS
Stripe 82. (21,522 galaxies)
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• stripe-82-coadd: Co-added images from SDSS
Stripe 82. Note: this sub-sample includes all galaxies in
the stripe-82-single sub-sample, with additional sources
detected in the deeper imaging. (30,339 galaxies)
• redshifted: Simulated HST images constructed using
SDSS images and artificially processed to redshifts between
0.3 ≤ z ≤ 1. (288 original galaxies; 6,624 redshifted images)
• simulated-agn: Simulated AGN host galaxies con-
structed using HST images and PSFs. (96 original galaxies;
2,961 images of simulated AGN hosts)
2.6 Galaxy metadata
Photometric data for the bulk of the GZH main, faded, re-
coloured, and goods-shallow samples were largely drawn
from the tables in Griffith et al. (2012). This included pho-
tometric parameters such as the fluxes, magnitudes, radii,
ellipticities, position angles, and positions drawn from both
SExtractor and GALFIT. All photometric parameters
were measured in both bands of the ACS imaging, with the
exception of the single-band COSMOS images. Photometric
data for the GOODS 5-epoch imaging, including SExtrac-
tor parameters, is from Giavalisco (2012).
Redshifts for the GZH catalogue were compiled from a
variety of sources. For each galaxy, the primary redshift is
in the Z BEST column of Table 4. The redshift type (spectro-
scopic: SPEC Z, photometric: PHOTO Z, or grism: GRISM Z) is
listed in the column Z BEST TYPE, and the source catalogue
of the redshift is included as Z BEST SOURCE.
For galaxies which have published redshifts from mul-
tiple sources, the following algorithm was used to select
the Z BEST quantity. A high-quality spectroscopic redshift
in the ACS-GC is the primary option, provided in the ACS-
GC (Griffith et al. 2012), 3DHST (Momcheva et al. 2015),
and MUSYC (Cardamone et al. 2010) catalogues and used
in that order. For galaxies with multiple spectroscopic red-
shifts, more than 98% are consistent (∆z < 0.001), and so
the order of selection made no practical difference. Galaxies
with inconsistent spectroscopic redshifts between any pair
of catalogues are marked with a flag in Table 4. If no spec-
troscopic redshifts were available, the 1-σ errors of the pho-
tometric (ACS-GC, 3DHST, MUSYC, UltraVISTA; Ilbert
et al. 2013) and UltraVISTA grism data were used. The
measurement with the smallest reported 1-σ error was se-
lected in each case.
Photometric and spectroscopic data for the stripe-82-
single and stripe-82-coadd galaxies were taken from the
CasJobs DR7 tables. This included ugriz Petrosian magni-
tudes and fluxes, as well as the relative de Vaucouleurs and
exponential fits from the model magnitudes. All redshifts
used for SDSS galaxies were spectroscopic. 82.6% of galax-
ies in the stripe-82-single images and 65.1% of galaxies
in the stripe-82-coadd images had a measured DR7 spec-
troscopic redshift.
The technique for redshift debiasing (Section 4) requires
consistent measurements of the galaxy surface brightness.
For both the redshifted calibration images and the HST
images which have their morphologies corrected, we calcu-
late the mean surface brightness µ within the effective radius
(Re) as:
µ = m+ 2.5 ∗ log10 (2× (b/a)× piR2e). (1)
All photometric parameters are taken from SExtrac-
tor. For the ferengi galaxies, m is MAG_AUTO in the
I814W band, (b/a) is the galaxy ellipticity (the profile RMS
along the semi-major and -minor axes), and Re is the 50%
FLUX_RADIUS converted into arcsec (Melvin 2016). For the
HST galaxies in the main sample, the parameters are iden-
tical except that we use MAG_BEST instead of MAG_AUTO (Grif-
fith et al. 2012) in either the I814W , i775W , or z850LP bands,
depending on the available imaging (Table 1).
3 GZH INTERFACE AND CLASSIFICATIONS
Below we describe the classification structure of GZH, in-
cluding the software interface and the hierarchical structure
of a classification. Section 3.2 describes the process of com-
bining individual classifications into vote fractions for each
galaxy.
3.1 Interface and decision tree
Classifications for GZH were made using a web-based in-
terface (Figure 3), similar in design to Galaxy Zoo and
Galaxy Zoo 2. The front-end runs on a Ruby on Rails frame-
work with classifications stored in a MySQL backend. Clas-
sifiers were shown a randomly-selected colour composite im-
age from the GZH sample; the default showed the image
with a black sky background, although they had the option
to invert the colour palette if desired. The questions and re-
sponses for morphology appeared on the right side of the im-
age as a panel, including both text and icons. There was no
tutorial required for participation, although classifiers could
access an extensive “Help” section containing example im-
ages and descriptive text for all the morphological labels.
The procedure for classifying an image in GZH followed
a hierarchical decision tree (Figure 4). Every classification
began with the step of identifying whether the object at
the centre of the image was a “smooth” galaxy, a galaxy
with a disk or other features, or a star/artifact. Subsequent
questions in the tree depended on the previous answer(s)
given by the classifier; the decision tree was designed so that
every question relevant to the morphology in the process
of being identified was answered. Questions that were not
answered were implicitly assumed to be absent in the image
— for example, if the classifier identified a galaxy as being
smooth, they were not asked to count the number of spiral
arms. For every task, the classifier chose a single answer
before continuing to the next question; they also had the
option to restart any classification in-progress.
The GZH decision tree was designed to be similar to
that used by GZ2 while taking account of the likely differ-
ences in the morphologies of high redshift galaxies. There
are four broad sets of morphologies classified by the users in
GZH. The first set identified stars or image artifacts (the re-
sult of either bad data or incorrect identification of an object
as a galaxy by the ACS pipeline); in this case, the classifi-
cation process ended and no further questions were asked.
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Figure 3. Screenshot of the GZH interface at the beginning of classifying a random galaxy, with the classifier ready to select an answer
for the first question in the decision tree.
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A1: Smooth A2:
Features or
disk
A3: Star or
artifact
A1:
Completely
round
A2: In
between
A3: Cigar
shaped
A1: Yes A2: No
A1: 1 A2: 2 A3: 3 A4: 4 A5: More
than 4
A6: Can't tell
A1: Straight
Line
A2: Chain A3: Cluster A4: Spiral
A1: YesA2: No
A1: Yes A2: No
A1: Yes A2: No
A1: Yes A2: No
A1: Yes A2: No
A1:
Rounded
A2: Boxy A3: No
bulge
A1: Bar A2: No bar
A1: Spiral A2: No
spiral
A1: Tight A2: Medium A3: Loose
A1: 1 A2: 2 A3: 3 A4: 4 A5: More
than 4
A6: Can't tell
A1: No
bulge
A2: Just
noticeable
A3: Obvious A4:
Dominant
A1: Yes A2: No
A1: Ring A2: Lens or
arc
A3:
Disturbed
A4: Irregular A5: Other A6: Merger A7: Dust
lane
T01: Is the galaxy simply smooth and rounded, with no sign of a disk?
T07: How rounded is it? T12: Does the galaxy have a mostly clumpy appearance?
T16: How many clumps are there?
T15: Do the clumps appear in a straight line, a
chain, a cluster, or a spiral pattern?
T13: Is there one clump which is clearly
brighter than the others?
T14: Is the brightest clump central to
the galaxy?
T17: Does the galaxy appear
symmetrical?
T18: Do the clumps appear to be
embedded within a larger object?
T02: Could this be a disk viewed edge-on?
T09: Does the galaxy have a bulge
at its center? If so, what shape?
T03: Is there a sign of a bar feature
through the center of the galaxy?
T04: Is there any sign of a spiral arm
pattern?
T10: How tightly wound do the spiral
arms appear?
T11: How many spiral arms are there?
T05: How prominent is the central bulge, compared
with the rest of the galaxy?
T06: Is there anything odd?
T08: Is the odd feature a ring, or is the galaxy disturbed or irregular?
End
1st Tier Question
2nd Tier Question
3rd Tier Question
4th Tier Question
5th Tier Question
Figure 4. Flowchart of the questions presented to GZH classifiers, labeled with the corresponding task numbers. Tasks in the decision
tree are colour-coded by tier level: Grey-coloured tasks are 1st-tier questions which are asked in every classification. Tasks coloured
green, blue, purple, and pink (respectively) are one, two, three, or four steps below branching points in the decision tree. The dashed
line between T15 and T03 indicates the unique case where volunteers could label both clumpy and disk-like morphologies for galaxies
with clumps arranged in a spiral pattern.
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Figure 5. Distribution of the total number of classifications per
image for GZH, split by survey.
The second set was for “smooth” galaxies, intended to se-
lect ellipticals/early-types; volunteers also indicate the rela-
tive axial ratio (roundness) for these galaxies. The third set
was for disk/late-type galaxies, which labeled the features
necessary to place a galaxy on the standard Hubble tuning
fork (bars, spiral arm, strength of the central bulge). The
final set, which was new in this phase of Galaxy Zoo and de-
signed for high-redshift targets, identified objects dominated
by clumpy morphologies. Further annotations for clumpy
galaxies included assessing the number, arrangement, rela-
tive brightness, and location of the clumps within the galaxy.
Finally, every classification had the option of identifying
“odd” features within the image; these labels were for rel-
atively rare (. 1%) phenomena, including dust lanes, grav-
itational lenses, and mergers.
The number of independent classifications per subject
collected by GZH was on average higher than GZ1 or GZ2,
due to both the increased complexity of the decision tree
and the relative difficulty of classifying images of small and
distant galaxies. Images from the main AEGIS, GEMS, and
GOODS data sets had a median of 122 independent classi-
fications per image. The remaining images had fewer clas-
sifications either due to a later activation date (main COS-
MOS, simulated-agn) or a lower retirement limit (stripe-
82-single and stripe-82-coadd). Images from these sam-
ples had a median of 46–48 classifications per image (Fig-
ure 5).
The GZH project was launched on 23 Apr 2010 with
the inclusion of the AEGIS, GEMS, GOODS 2-epoch, and
SDSS Stripe 82 images. Images from COSMOS and the sim-
ulated AGN were activated in Dec 2010, as well as a small
sample of images from AEGIS, GEMS, and GOODS that
were previously excluded from the original sample due to
cuts on blended and/or saturated objects and subsequently
confirmed as classifiable galaxies. The GZH site collected
data until its replacement, the fourth phase of Galaxy Zoo2
(including data from both the HST CANDELS survey and
SDSS DR8) began on 10 Sep 2012. Classifications for the
GOODS 5-epoch images were separately obtained from Mar-
Jun 2015 using a new version of the Galaxy Zoo site but the
same GZH decision tree. The GZH project finished with a
total of 10,349,357 classifications from 93,898 registered par-
ticipants.
3.2 Classifier weighting
As a first step to producing a consensus measurement of
each galaxy, the votes of individual volunteers who classi-
fied galaxies in GZH were combined to make a vote fraction
for each response (fresponse) to a question in the decision
tree. Votes were subsequently weighted and re-combined in
an iterative method similar to that in previous versions of
Galaxy Zoo (Land et al. 2008; Willett et al. 2013), using
a method chosen to be as egalitarian as possible while also
identifying and downweighting classifiers who frequently dis-
agreed with others. The weighting factor w was 1 for the
top 95% of classifiers as ranked by consistency. For the bot-
tom 5% of classifiers, w drops smoothly and is effectively
zero for the bottom 1% of the distribution function. Since
downweighting only occurs for the bottom few percent of
classifiers (and an even smaller percentage of the classifica-
tions), the overall effect on the GZH dataset was minimal.
The method was effective, however, at filtering out contri-
butions from randomly classifying or malicious participants.
Classifications for GZH were weighted only if the classi-
fier was logged into the site under their username (this was
encouraged, but not required for participation). Classifica-
tions by participants who were not logged in were marked
as “Anonymous” and receive the same w = 1 weighting as
the vast majority of logged-in classifiers. Results from the
Galaxy Zoo: CANDELS project (Simmons et al., submit-
ted) show that the distributions of weights for anonymous
and logged-in users are similar, supporting the default tech-
nique of GZH.
4 CORRECTING FOR
REDSHIFT-DEPENDENT CLASSIFICATION
BIAS
The previous versions of Galaxy Zoo morphology classifica-
tions (Lintott et al. 2011; Willett et al. 2013) were based
on observations of galaxies in the SDSS, which have a me-
dian redshift of z < 0.2. In these cases, it was assumed that
there was no cosmological evolution of the morphologies of
galaxies and therefore any observed changes in the morpho-
logical distribution were due to a redshift-dependent bias
that affects image quality and classification accuracy (i.e.,
galaxies of a given mass/size will appear smaller and dimmer
at higher redshifts). This bias is not unique to crowdsourc-
ing techniques; its dependence in data quality is a potential
problem for both automated and visual classifications, and
2 http://zoo4.galaxyzoo.org
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must be addressed in order to accurately measure demo-
graphics over any significant redshift range.
For both previous releases of Galaxy Zoo morphologies,
a correction for redshift-dependent bias was applied based
on matching the mean classification fractions at the highest
redshifts with those at the lowest redshift. Bamford et al.
(2009) and Willett et al. (2013) provide complete descrip-
tions of the process for GZ1 and GZ2, respectively.
Instead, in GZH the redshift range is large enough that
cosmological evolution of the types and morphologies of
galaxies is expected for the HST sample. In addition, the
effects of band shifting will change the images even more
across these redshift ranges. As a result, the previous meth-
ods of correcting for redshift-dependent bias do not work.
In order to test and correct for the effects of redshift,
GZH includes a set of calibration images. These are sim-
ulated images of a set of nearby galaxies as they would
appear observed at a variety of redshifts. The input im-
ages are from the SDSS (York et al. 2000; Strauss et al.
2002). The sample consists of 288 well-resolved galaxies at
z < 0.013. The galaxies spanned a variety of morphologies
(as selected by GZ2 classifications, including identifications
of spiral structure, ellipticals, mergers, edge-on disks, bulge
prominence/shape, and bars) and r-band surface bright-
nesses. The selection of galaxies spanned the redshift range
of SDSS targets and maximised the number of HST galax-
ies at the same surface brightness and redshift. The ferengi
code was used to produce sets of images corresponding to
observations of these galaxies out to zsim = 1.0 (see Sec-
tion 2.3.2). The resulting images were classified in the GZH
interface using the standard classification scheme.
Figure 6 shows the distribution in µ and z of the
artificially-redshifted FERENGI images compared to the
genuine HST images. The full bivariate distributions dif-
fer due to a combination of the detection limits of the HST
surveys, intrinsic rareness of bright µ galaxies in the SDSS
volume, and evolution of the stellar populations. Since the
dependence of the debiasing correction is evaluated in sep-
arate bins, the main concern is the existence of an overlap
between the two sets of images; this is the case for almost all
of the HST images, which have µ > 19 mag arcsec−2. The
brightest end of the distribution, which has fewer examples
of comparable FERENGI images, correspond to galaxies for
which the debiased correction is expected to be minor.
4.1 Effects of morphological debiasing
The approach used in GZH for correcting the weighted clas-
sifications for redshift bias rests on the assumption that the
degree of bias is a function of the apparent size and bright-
ness of the galaxy. This is controlled by two types of pa-
rameters: intrinsic properties of the galaxy itself, such as
its physical diameter and luminosity, and extrinsic prop-
erties, such as the distance (redshift) of the galaxy and its
relative orientation. The combination of all such parame-
ters forms a high-dimensional space, and there is no obvi-
ous technique for separating these into individual effects.
Instead, the method used here employs only two parameters
as a simple model of the effect of redshift brightness on clas-
sification: the surface brightness (µ; intrinsic) and redshift
(z; extrinsic).
Figure 7 shows the change in ffeatures as a function of
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Figure 6. Surface brightness as a function of redshift for
3,449 ferengi images and the 102,548 main galaxies with mea-
sured µ and z values. The colour histogram shows the number of
ferengi images as a function of µ and zsim. White contours show
counts for the galaxies in the main sample, with the outermost
contour starting at N = 1500 and separated by intervals of 1500.
their lowest simulated redshift for the 3,449 ferengi images
with robust photometric measurements across the full range
of redshifts. For each simulated redshift value zsim at a fixed
surface brightness, ffeatures,z is the value measured at that
simulated redshift. We plot ffeatures,z against ffeatures,z=0.3,
the value measured for the same galaxy at zsim= 0.3.
The objective is to use these data to predict, for a
galaxy with a measured ffeatures,z value, what its ffeatures
value would have been if it had been viewed at z = 0.3.
This predicted value is defined as the “debiased” vote frac-
tion ffeatures,debiased, and is calculated by applying a correc-
tion to the measured value of ffeatures, determined by the
ζ function described in the following section (Equation 4).
A reliable predicted value can be obtained so long as the
relationship between ffeatures,z and ffeatures,z=0.3 is single-
valued; that is, for a given ffeatures,z, there is exactly one
corresponding value of ffeatures at z = 0.3.
Figure 7 shows that the relationship between ffeatures,z
and ffeatures,z=0.3 is not always single-valued; hence, it is
not appropriate to correct galaxies that lie in certain re-
gions of surface brightness/redshift/ffeatures space. Such re-
gions tend to have low ffeatures values at high redshift, but
a wide range of values at z = 0.3. These regions contain two
morphological types of galaxies: the first set are genuine el-
lipticals, which have low values of ffeatures at both high and
low redshift. The second group are disks whose features be-
come indistinct at high redshift; hence their ffeatures value at
z = 0.3 may be quite high, while the value observed at high
redshift is very low. This effect is strongest at high z and
low µ, where features become nearly impossible to discern
in the images (see top right panel of Figure 7).
The criteria for determining whether a region of this
space is single-valued, and therefore correctable, is as fol-
lows: In each surface brightness and redshift bin, the rela-
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Figure 7. Effects of redshift bias in 3,449 images in the ferengi sample. Each point in a given redshift and surface brightness bin
represents a unique galaxy. On the y-axis in each bin is the ffeatures value of the image of that galaxy redshifted to the value corresponding
to that redshift bin. On the x-axis is the ffeatures value of the image of the same galaxy redshifted to z = 0.3. The dashed black lines
represent the best-fit polynomials to the data in each square. The solid black line represents ffeatures,z=ffeatures,z=0.3. Regions in which
there is a single-valued relationship between ffeatures at high redshift and at z = 0.3 are white; those in which there is not are blue, and
those with not enough data (N < 5) are grey. A larger version of the bin outlined at z = 1.0 and 20.3 < µ < 21.0 (mag/arcsec2) is shown
in Figure 8.
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Figure 8. A larger version of the dark-outlined square in Fig-
ure 7, containing ferengi galaxies that have been artificially
redshifted to z = 1.0 and have surface brightnesses between
20.3 < µ < 21.0 (mag/arcsec2). The orange bars represent the
inner 68% (1σ) of the uncorrectable ffeatures quantiles, which are
used to compute the limits on the range of debiased values.
tionship between ffeatures,z and ffeatures,z=0.3 is modelled by
fitting the data with polynomials of degrees n = 3, 2, and 1,
and using the best formal fit out of the three as measured by
the sum of the residuals. These fits are shown as the dashed
black lines in Figure 7. Flat regions of the bins are areas in
which there is not a clear single-valued relationship between
ffeatures,z and ffeatures,z=0.3. We quantify this by measuring
the slope of the best-fit polynomial to the vote fractions. Re-
gions within the bins with a slope less than 0.4 (a boundary
selected through manual inspection and testing) are con-
sidered not one-to-one, and therefore ffeatures,z cannot be
boosted to its ffeatures,z=0.3 value. Galaxies in this region
are referred to as the lower limit sample, because the most
stringent correction available is that the weighted ffeatures is
a lower limit to the true value. These regions are highlighted
in blue in Figure 7. Uncoloured (white) regions of the plot
have sufficiently high slopes to consider the relationship as
single-valued; galaxies in these regions are considered “cor-
rectable”, and only these are used in measuring the param-
eters for the ζ function (Section 4.2). Only surface bright-
ness/redshift bins with at least 5 galaxies were considered;
regions with fewer than 5 galaxies are considered to have
“not enough information” to determine the ffeatures,z and
ffeatures,z=0.3 relationship, coloured grey in Figure 7. These
galaxies are hereafter referred to as the “NEI” sample.
The unshaded regions in Figure 7 define discrete ranges
of redshift, surface brightness, and ffeatures within which a
galaxy must lie in order for the debiased correction to be con-
fidently applied. While the appropriate correctable regions
were defined as discrete bins, the true correctable region is
assumed to be a smooth function of z, µ, and ffeatures. To
define this smooth space, we calculate the shape of the con-
vex hull that encloses the correctable and lower-limit fer-
Table 2. Distribution of the ability of images to measure mor-
phological bias for the ferengi data (see Figure 7).
N %
Correctable 1,690 49%
Lower-limit 1,678 49%
NEI 81 2%
Total 3,449 100%
engi galaxies in z-µ-ffeatures space. The boundaries are then
adjusted until the contamination from both groups is min-
imised. The resulting hulls define the correctable and lower-
limit regions for categorising the HST galaxies. The results
of this method and final categorisation of the HST sam-
ple are in Table 3. Of the galaxies at redshift higher than
z = 0.3, 17% can be debiased using the ζ method, 27% can-
not be debiased since the relationship between ffeatures,z and
ffeatures,z=0.3 is not monotonic, and 56% cannot be debiased
since they either have an unknown redshift or insufficient
numbers of ferengi images in their z-µ bin to determine a
reliable correction term (ζ, described in Section 4.2).
For the“lower-limit”galaxies for which a single debiased
ffeatures value cannot be confidently assigned, the range of
debiased values is estimated and included as a data product.
This uses the ferengi simulated data to analyse the range of
intrinsic ffeatures,z=0.3 values for any given observed ffeatures
value, again as a function of surface brightness and redshift.
In each unclassifiable (shaded blue) z,µ bin, we compute the
spread of intrinsic values of ffeatures,z=0.3 for five quantiles
of observed ffeatures (corresponding to the “clean” thresholds
used in prior GZ publications). The range of intrinsic values
for GZH is defined by the upper and lower 1 σ limits, en-
closing the inner 68% of the data. This range is represented
by the orange bars in Figure 8. For any galaxy which cannot
be directly debiased by the ζ method, these ranges are used
to denote the upper and lower limits on the expected values
ffeatures,z=0.3 as a function of the observed ffeatures.
4.2 Correcting morphologies for classification bias
For the “correctable” sample of galaxies, we observe a de-
cline in the vote fraction ffeatures with increasing simulated
redshift for each unique galaxy. We model this relationship
for artificially-redshifted images with a simple exponential
function which bounds fµ,z>0.3 between fµ,z=0.3 and 0:
fµ,z = 1− (1− fµ,z=0.3)e
z−z0
ζˆ (2)
where fµ,z=0.3 is the vote fraction at the lowest redshift in
the artificially-redshifted sample (z0 = 0.3). Here, ζ is a pa-
rameter that controls the rate at which ffeatures decreases
with increasing redshift (and that may depend on other
galaxy properties). This function bounds the observed vote
fractions between fµ,z=0.3 and zero based on two assump-
tions: 1) the vote fractions for featured galaxies decrease
monotonically with increasing redshift, therefore restricting
vote fractions for a given galaxy to be less than fµ,z=0.3
(which is almost always true of the data), and 2) the vote
fractions cannot be less than zero (which is always true).
MNRAS 000, 1–28 (2016)
14 Willett et al.
0.0
0.5
1.0
1.5
2.0
ffeatures,z=0.3 =0.93 ζ=0.28 ffeatures,z=0.3 =0.87 ζ=0.34 ffeatures,z=0.3 =0.86 ζ=0.32 ffeatures,z=0.3 =0.8 ζ=0.60 ffeatures,z=0.3 =0.76 ζ=0.36
0.0
0.5
1.0
1.5
2.0
ffeatures,z=0.3 =0.73 ζ=0.33 ffeatures,z=0.3 =0.71 ζ=0.32 ffeatures,z=0.3 =0.62 ζ=0.73 ffeatures,z=0.3 =0.57 ζ=0.76 ffeatures,z=0.3 =0.51 ζ=1.06
0.0
0.5
1.0
1.5
2.0
ffeatures,z=0.3 =0.49 ζ=0.86 ffeatures,z=0.3 =0.42 ζ=1.45 ffeatures,z=0.3 =0.38 ζ=2.99 ffeatures,z=0.3 =0.34 ζ=2.21 ffeatures,z=0.3 =0.31 ζ=2.76
0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
ffeatures,z=0.3 =0.26 ζ=3.56
0.2 0.4 0.6 0.8 1.0
ffeatures,z=0.3 =0.23 ζ>10
0.2 0.4 0.6 0.8 1.0
ffeatures,z=0.3 =0.19 ζ=4.88
0.2 0.4 0.6 0.8 1.0
ffeatures,z=0.3 =0.14 ζ>10
0.2 0.4 0.6 0.8 1.0
ffeatures,z=0.3 =0.11 ζ>10
0.0 0.2 0.4 .6 .8 1.0
Redshift
0.2
0.4
0.6
0.8
1
1
−f
fe
at
u
re
s,
z
=
0.
3
1
−f
fe
at
u
re
s
Figure 9. Behaviour of the normalised, weighted vote fractions of features visible in a galaxy (ffeatures) as a function of redshift in the
artificial ferengi images. These plots demonstrate overall trends in the sensitivity to feature detection as a function of redshift. Galaxies
in this plot were randomly selected from a distribution with evolutionary correction e = 0 and at least three detectable images in redshift
bins of z ≥ 0.3. The displayed bins are sorted by ffeatures,z=0.3, labeled above each plot. Measured vote fractions (blue solid line) are fit
with an exponential function (red dashed line; Equation 2); the best-fit parameter for ζ is given above each plot.
Figure 9 shows the change in vote fraction and the best-
fit model for a random set of galaxies in the ferengi sample.
The results show that there is a clear dependence on redshift
for the observed changes in ffeatures. To examine whether a
better fit should involve additional parameters, we tested
the global dependence of ζ on the galaxy surface brightness.
This is motivated by the fact that brighter galaxies would
presumably be easier to identify; Bamford et al. (2009) and
Willett et al. (2013) found changes in ffeatures depend on
a combination of physical size and absolute magnitude. To
simplify our model, we subsume these into a single parame-
ter of surface brightness, µ.
Figure 10 examines the results of fitting the ferengi
images with Equation 2. This fit only includes galaxies where
SExtractor robustly measured the photometry in all im-
ages between 0.3 < zsim < 1.0 (such that σMI < 1.0 mag;
Melvin 2016). Interestingly, the derived correction is only
a very weak function of surface brightness. Higher-surface
brightness galaxies have on average slightly stronger correc-
tions, possibly because these galaxies have larger ffeatures
values at high redshifts. Low surface brightness galaxies are
more likely to begin low and remain low; the bounded nature
of the dropoff (and variance among the individual voters)
means that the average magnitude of ζ will be lower.
Since there is little evidence for any strong systematic
dependence of ζ on µ, we do not include any additional pa-
rameters in fitting to our calibration model. We fit the data
in Figure 10 with a linear function:
log10(ζˆ) = ζ0 + (ζ1 × µ), (3)
where ζˆ is the correction factor applied to each galaxy as a
function of surface brightness. The best-fit parameters to the
linear fit from least-squares optimization are ζ0 = 0.50, ζ1 =
MNRAS 000, 1–28 (2016)
Galaxy Zoo: Hubble 15
Figure 10. All fits for the ferengi galaxies of the vote fraction
dropoff parameter ζ for ffeatures as a function of surface bright-
ness. This includes only the simulated galaxies with a bounded
range on the dropoff (−10 < ζ < 10) and sufficient points to
fit each function (28 original galaxies, each with varying im-
ages artificially redshifted in one to eight bins over a range from
0.3 . zsim . 1.0).
−0.03. To make the final debiased correction for the genuine
HST data, we apply a correction similar to Equation 2:
ffeatures,debiased = 1− (1− ffeatures,weighted)e
−(z−z0)
ζˆ (4)
where ffeatures,weighted is the weighted vote fraction described
in Section 3.2, and ffeatures,debiased is bounded between
ffeatures,weighted and 1.
Figure 11 shows the distribution of the fraction of
galaxies that are ultimately correctable as a function of
ffeatures and redshift. The distributions for individual sam-
ples (AEGIS, COSMOS, GEMS, GOODS) are individually
very similar. We emphasize that a correction is more likely
to be derived and applied for galaxies at higher redshift and
with higher weighted values of ffeatures. This has important
consequences for selection of physically meaningful samples
from GZH (see Section 6), meaning that comparative stud-
ies of galaxies should use a threshold on the likelihood of
features that evolves as a function of redshift.
Few galaxies in the sample have sufficiently high cor-
rections to completely change them from being confidently
“smooth” to “featured” following the correction for redshift
bias (Figure 12). As a check, we compare morphologies
of highly boosted galaxies to the expert visual classifica-
tions in CANDELS (Kartaltepe et al. 2015). Only nine
galaxies that were strongly boosted (ffeatures< 0.25 and
ffeatures,debiased> 0.50) in GZH also appear in the CANDELS
expert sample. Of those, the CANDELS expert sample clas-
sifies 4 as spheroids/disky, 2 as disks, 1 as a spheroid, 1 as
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Figure 11. Histogram showing the fraction of galaxies that have
a finite correction for the debiased vote fractions ffeatures,debiased
as a function of ffeatures and redshift. The parameter space for
corrections is limited to 0.3 ≤ z ≤ 1.0 due to the sampling of the
parent SDSS galaxies and detectability in the ferengi images.
irregular/disky and 1 as unclassifiable. The ffeatures,best val-
ues for GZH are all between 0.5 and 0.7, making them all
intermediate disk candidates. Visual inspection of the GZH
images shows extended disk structure in at least 5 images;
the remaining 4 are either extremely faint or have imag-
ing artifacts in the ACS data. Since the surveys use differ-
ent rest-frame filters and the overlap sample is tiny, though,
detailed comparisons between the overall morphologies are
highly difficult (see Sections 7.2–7.3).
4.3 Challenges of debiasing questions beyond
“smooth or features”
As with the HST images, each ferengi subject had a vary-
ing number of classifiers answering the various questions in
the hierarchical decision tree. Every classifier answers the
first question, “Is the galaxy smooth and rounded, with no
sign of a disk?”; as such, the vote fractions fsmooth, ffeatures,
and fartifact all have the lowest statistical error for any ques-
tion in the tree, based only on the total number of responses
(between 40 and 120; see Section 3). The number of partic-
ipants answering subsequent questions, however, is always
equal to or less than the number who answered the preced-
ing question. The average number of responses per task for
fourth- or fifth-tier questions (such as spiral arm structure;
Tasks 12–14) is only 4 ± 4 for the ferengi sample. While
this distribution is strongly bimodal (reflecting the true mor-
phologies of selected galaxies), the very low absolute num-
bers of votes introduce very high variance when attempting
to calculate a statistical correction.
In the ferengi data, these numbers severely limit the
amount of information that can be extracted for the higher-
tier questions. The debiasing technique used (Section 4.2)
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Figure 12. Debiased ffeatures corrected to z = 0.3 vs weighted ffeatures for the correctable (left), lower-limit (middle), and “not enough
information” (NEI; right) galaxies in the GZH sample.
requires that at least 10 classifiers answer each question for
a galaxy with zsim = 0.3 and the corresponding image at
higher redshift. This requirement is (by default) met by all
galaxies for the smooth/features question. However, this is
often not met for questions beyond Task 01. On average,
60%±24% of the galaxies do not have sufficient data to mea-
sure a correction, as compared to 2.0% achieved for Task 01
(Table 2). This leaves the average surface brightness/redshift
bin with insufficient data points to confidently measure the
change in vote fraction (. 10 galaxies per bin). For these rea-
sons, debiased vote fractions are only provided in the GZH
catalogue for Task 01 (smooth/features). We suggest that
use of morphological data for higher order tasks should in-
stead use the weighted vote fractions (see Section 6).
5 THE GALAXY ZOO: HUBBLE CATALOGUE
The catalogue for GZH includes morphological data for
189,149 images (generated from a total of 145,741 unique
galaxies). The full table can be accessed at http://data.
galaxyzoo.org. The online data also includes a secondary
metadata table, which is drawn from a variety of sources
detailed in Section 2.
Each image is listed under a unique project ID
(eg, AHZ000001); the actual galaxy in the image is iden-
tified by the combination of the OBJNO and original sur-
vey. For each of the 55 responses in the GZH decision tree,
the following classification data is provided: for each ques-
tion, Nvotes is the number of classifiers who answered that
question. For each unique answer, fraction is the fraction
of classifiers who selected that answer (Nanswer/Nvotes), and
weighted is the weighted fraction, which takes into account
overall consistency (Section 3.2).
The GZH vote fractions can be largely dependent on
the resolution of the image. Two otherwise morphologi-
cally identical galaxies which differ significantly in redshift,
brightness, or size may result in very different vote fractions
for any given question, given that many features of a galaxy
are difficult to discern in less-resolved images (bars, spiral
arms, disk structure, etc). For this reason, caution must be
used when taking vote fractions as cut-offs to determine mor-
phological structure; guidelines for careful classification are
given in Section 6.
The GZH catalogue is corrected for redshift bias only for
the first question of the GZH decision tree (Section 4), which
asks“Is the galaxy smooth and round, with no sign of a disk?”
For this question, the catalogue provides the additional pa-
rameters debiased, lower limit, upper limit, and best
vote fractions. The best fraction for ffeatures is chosen based
on the categorization of the galaxy: if it is “correctable”,
best = debiased; if it is a lower limit, best = lower limit;
if neither condition applies, then best = weighted.
The debiased and best vote fractions for fsmooth are
calculated on the criteria that vote fractions for all answers
must sum to unity:
fsmooth ≡ 1− ffeatures,best − fartifact. (5)
In rare cases (1.2% of the main sample), this requirement
resulted in negative vote fractions for fsmooth; these were
cases in which the ffeatures vote fraction was boosted to a
high value relative to fartifact. In these cases, the constraint
of Equation 5 is met by setting fsmooth= 0.0 and decreasing
ffeatures,best accordingly. This correction is typically small,
with a median change of ffeatures or fsmooth of ∆f = 0.04.
Tables 4-10 also contain flags for Task 01 that identify
clean (but not complete) samples of galaxies with high like-
lihoods of being either smooth, featured, or a star/artifact.
These are set as smooth/featured/artifact flag = 1 if
fsmooth/features/artifact best > 0.8. For a galaxy to be flagged as
“smooth”, an additional criterion of correction type = 0,
1, or 2 is applied. This accounts for the uncertainty in distin-
guishing between genuine ellipticals and disks whose features
have been washed out due to surface brightness and redshift
effects (Section 4).
Data products for GZH are split by the type of image
being classified. Each sample in Section 2.5 corresponds to
the data in Tables 4-10.
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Table 3. Number of correctable galaxies for the top-level task in GZH, split by HST survey.
Correction type AEGIS COSMOS GEMS GOODS-N GOODS-S Total
5-epoch 5-epoch
correctable 0 2,908 21,169 2,802 1,459 1,189 29,527
lower-limit 1 833 5,169 1,021 1,377 1,267 9,667
no correction needed (z ≤ 0.3) 2 955 10,870 1,175 415 400 13,815
not enough information (NEI) 3 2,677 43,058 3,559 2,077 2,184 53,555
no redshift information 4 1,134 4,688 530 687 102 7,141
total 8,507 84,954 9,087 6,015 5,142 113,705
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Table 4. GZH morphological classifications for HST images from AEGIS, COSMOS, GEMS, and GOODS
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Correction1 Nvotes fraction weighted debiased best lower limit upper limit
AHZ100002g 10010842 AEGIS 0 127 0.118 0.128 0.089 0.089 0.032 0.106
AHZ100002h 10010870 AEGIS 4 127 0.567 0.592 -0.126 0.592 − −
. . .
AHZ20004kd 20014731 COSMOS 0 44 0.682 0.675 0.243 0.330 0.615 0.243
AHZ20004ke 20014732 COSMOS 2 45 0.689 0.756 0.844 0.756 − −
. . .
AHZ400043g 90022729 GEMS 3 121 0.702 0.733 0.486 0.733 − −
AHZ4000416 90022735 GEMS 0 127 0.646 0.698 0.509 0.509 0.347 0.394
. . .
AGZ0007z47 10014 GOODS-N-FULLDEPTH 1 40 0.475 0.475 0.203 0.475 0.126 0.475
AGZ0007z48 10017 GOODS-N-FULLDEPTH 3 40 0.675 0.675 0.094 0.675 − −
. . .
AGZ00083jb 8869 GOODS-S-FULLDEPTH 0 40 0.425 0.425 0.135 0.135 0.185 0.481
AGZ00083jc 8878 GOODS-S-FULLDEPTH 0 40 0.205 0.205 0.050 0.050 −0.028 0.181
. . .
1Flag indicating how the vote fractions for this galaxy were corrected through debiasing (Section 4.1), if possible. 0 = correctable, 1 = lower-limit (fraw — fadj is not
single-valued), 2 = uncorrected (z < 0.3), 3 = uncorrected (insufficient ferengi galaxies in this z-µ bin), 4 = uncorrected (no galaxy redshift available).
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete version includes data for 113,705 galaxies
and morphological information for all tasks in the tree. A subset of the information is shown here to illustrate form and content.
Table 5. GZH morphological classifications for color-faded HST images
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Correction Nvotes fraction weighted debiased best lower limit upper limit flag
AHZF000001 20000002 COSMOS 1 48 0.708 0.755 0.294 0.755 0.450 0.831 0
AHZF000003 20000004 COSMOS 0 49 0.367 0.379 0.136 0.136 0.161 0.289 0
AHZF000004 20000006 COSMOS 3 49 0.265 0.271 0.038 0.271 − − 0
AHZF00000z 20000102 COSMOS 1 44 0.727 0.780 0.296 0.780 0.421 0.797 0
AHZF000010 20000104 COSMOS 2 53 0.811 0.849 0.894 0.849 − − 0
. . .
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete version includes data for 3,927 galaxies
and morphological information for all tasks in the tree. A subset of the information is shown here to illustrate form and content.
Table 6. GZH morphological classifications for color-inverted HST images
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Correction Nvotes fraction weighted debiased best lower limit upper limit flag
AHZC000001 20000002 COSMOS 1 52 0.615 0.664 0.223 0.664 0.396 0.777 0
AHZC000003 20000004 COSMOS 0 48 0.333 0.364 0.049 0.049 0.026 0.154 0
AHZC000004 20000006 COSMOS 3 51 0.235 0.252 0.016 0.252 − − 0
AHZC00000z 20000102 COSMOS 1 49 0.755 0.757 0.327 0.620 0.279 0.620 0
AHZC000010 20000104 COSMOS 2 51 0.843 0.882 0.926 0.881 − − 1
. . .
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete version includes data for 3,927 galaxies
and morphological information for all tasks in the tree. A subset of the information is shown here to illustrate form and content.
Table 7. GZH morphological classifications for GOODS 2-epoch images
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Correction Nvotes fraction weighted debiased best lower limit upper limit flag
AHZ3000001 50000000 GOODS-N 3 123 0.390 0.415 0.079 0.415 − − 0
AHZ3000002 50000001 GOODS-N 2 126 0.341 0.355 0.356 0.356 − − 0
AHZ3000003 50000005 GOODS-N 0 129 0.760 0.826 0.641 0.641 0.622 0.835 0
AHZ3000004 50000008 GOODS-N 3 120 0.758 0.787 0.629 0.787 − − 0
AHZ3000005 50000010 GOODS-N 3 123 0.854 0.890 0.605 0.890 − − 0
. . .
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete version includes data for 6,144 galaxies
and morphological information for all tasks in the tree. A subset of the information is shown here to illustrate form and content.
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Table 8. GZH morphological classifications for SDSS Stripe 82 single-epoch images
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Nvotes fraction weighted flag
AHZ5000001 587730845812064684 SDSS 41 0.585 0.595 0
AHZ5000002 587730845812065247 SDSS 46 0.609 0.651 0
AHZ5000003 587730845812196092 SDSS 51 0.039 0.044 0
AHZ5000004 587730845812196825 SDSS 35 0.514 0.605 0
AHZ5000005 587730845812524122 SDSS 47 0.766 0.812 1
AHZ5000006 587730845812654984 SDSS 42 0.500 0.542 0
AHZ5000007 587730845812655541 SDSS 41 0.488 0.526 0
AHZ5000008 587730845812720365 SDSS 53 0.792 0.84 1
AHZ5000009 587730845812720640 SDSS 43 0.000 0.0 0
AHZ500000a 587730845812720699 SDSS 40 0.425 0.478 0
. . .
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete
version includes data for 21,522 galaxies and morphological information for all tasks in the tree. A subset of the information is
shown here to illustrate form and content.
Table 9. GZH morphological classifications for SDSS Stripe 82 co-added images
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Nvotes fraction weighted flag
AHZ6000001 8647474690312306978 SDSS 40 0.275 0.289 0
AHZ6000002 8647474690312307154 SDSS 43 0.605 0.634 0
AHZ6000003 8647474690312307877 SDSS 51 0.608 0.627 0
AHZ6000004 8647474690312308301 SDSS 52 0.038 0.038 0
AHZ6000005 8647474690312308318 SDSS 44 0.614 0.632 0
AHZ6000006 8647474690312308880 SDSS 36 0.667 0.683 0
AHZ6000007 8647474690312372644 SDSS 48 0.646 0.674 0
AHZ6000008 8647474690312372789 SDSS 45 0.489 0.571 0
AHZ6000009 8647474690312372931 SDSS 47 0.553 0.587 0
AHZ600000a 8647474690312373190 SDSS 47 0.574 0.559 0
. . .
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete
version includes data for 30,339 galaxies and morphological information for all tasks in the tree. A subset of the information is
shown here to illustrate form and content.
Table 10. GZH morphological classifications for HST images with simulated AGN
t01 smooth or features t01 smooth or features a01 smooth . . .
Zooniverse ID Survey ID Imaging Version Lratio AGN color
1 Nvotes fraction weighted flag
AHZ7000001 9002470011 GEMS 1 0.2 1 42 0.238 0.239 0
AHZ7000002 9002470012 GEMS 1 1.0 1 51 0.255 0.265 0
AHZ7000003 9002470013 GEMS 1 5.0 1 47 0.170 0.167 0
AHZ7000004 9002470014 GEMS 1 10.0 1 41 0.195 0.195 0
AHZ7000005 9002470015 GEMS 1 50.0 1 47 0.170 0.178 0
. . .
AHZ70002a4 9010781875 GOODS-S 2 50.0 2 33 0.242 0.285 0
AHZ70002a5 9010781881 GOODS-S 2 0.2 3 32 0.312 0.323 0
AHZ70002a6 9010781882 GOODS-S 2 1.0 3 35 0.543 0.559 0
AHZ70002a7 9010781883 GOODS-S 2 5.0 3 28 0.429 0.460 0
AHZ70002a8 9010781884 GOODS-S 2 10.0 3 25 0.200 0.200 0
AHZ70002a9 9010781885 GOODS-S 2 50.0 3 30 0.167 0.167 0
. . .
1Flag indicating the color of the PSF in the simulated AGN. 0 = no simulated AGN, 1 = blue, 2 = flat, 3 = red.
Note. — The full version of this table is available in electronic form, as well as at http://data.galaxyzoo.org. The complete version includes data for
2,961 galaxies and morphological information for all tasks in the tree. A subset of the information is shown here to illustrate form and content.
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6 USING THE GZH CATALOGUE
The primary purpose of the GZH catalogue is to provide a
reliable method of selecting galaxies of a desired morpho-
logical type. This section provides instructions for creating
such pure samples using the vote fractions corresponding to
the tasks shown in Figure 4 (eg, Masters et al. 2011; Che-
ung et al. 2015; Galloway et al. 2015). Increasing the levels
of the thresholds can create purer, but not necessarily com-
plete, morphologically-selected samples. These are useful for
selecting galaxies of rare or unique types that merit individ-
ual study. Looser cuts can be applied to obtain samples with
a higher level of completeness, although the rate of false pos-
itives must be closely monitored. We stress that the details
of any selection process will vary based on the particular sci-
ence case; for example, Bamford et al. (2009); Skibba et al.
(2009); Smethurst et al. (2015) all demonstrate the advan-
tages of using the vote fractions directly as weights rather
than applying discrete thresholds.
To select galaxies of a morphological type identified
with a particular task, a cut is placed on the vote fraction
for that task (ftask), as well as the vote fractions for the
tasks preceding it, because of the dependency induced by
the decision-tree structure. For example, to select barred
galaxies, a cut may be placed on fbar such that only galax-
ies where a high fraction of votes for this task voted for the
bar, yes answer. This is not the only necessary cut, however,
since not all classifiers answer this question; only those who
have previously selected “features” in Task 01, “not clumpy”
in Task 12, and “not edge-on” in Task 02 will have the op-
portunity to vote on the bar question, Task 03. To ensure
that fbar is well-sampled, cuts on all previous tasks must be
applied.
The flexibility of this catalogue allows users to set their
own selection criteria for vote fraction thresholds to create
a morphologically pure sample. Table 11 provides suggested
cuts for selecting galaxies with a variety of morphologies.
These thresholds were determined by visual inspection of
various subsamples of GZH data. The thresholds employ a
combination of 20 votes for the task being considered, as
well as limits on the vote fractions for previous response(s)
in the decision tree.
We visually analysed subsamples of 50 galaxies meeting
both criteria, as well as a control sample of galaxies which
had 20 classifiers vote on the task, but did not meet the
threshold cut set for the previous task. The threshold cut
was adjusted and new subsamples were inspected until both
the original and control samples achieved > 80% purity.
To use data from Table 11 to create, for example, a
sample of 3-armed spiral galaxies, we suggest selecting ob-
jects with Narm number ≥ 20, ffeatures> 0.23, fclumpy,no >
0.30, fedgeon,no > 0.25, and fspiral,yes > 0.25. These cuts
define a sample of galaxies of “arm number candidates”;
i.e., galaxies for which answering the arm number question
makes physical sense and the vote fraction farm number is
well-sampled. Such galaxies will be featured, non-clumpy,
non-edge on spirals. At this point a final cut can be made
on farm number=3 to select spirals with three arms.
Tasks 03, 04 and 05 have an additional possible path-
way; as shown in Figure 4, a classifier might also be shown
this question if they select “featured/disk” in Task 01,
“clumpy” in Task 12, two or more clumps in Task 16, and
“spiral arrangement” in Task 15. After applying the appro-
priate thresholds for this path, < 0.5% of the galaxies which
have ≥ 20 answers to these questions used this pathway to
arrive at these Tasks. None of these images show obvious
disk structure, although the clumps within are arranged in
a spiral pattern.
This section described how to use Table 11 to select
galaxies for which a particular task is reliably sampled. The
following two examples extend this and show how to use the
vote fractions to obtain samples of galaxies with a specific
morphological type.
6.1 Example 1: Selecting barred galaxies
Bars in galaxies are a trace of the dynamical state of the disk
(e.g., Combes 2009; Athanassoula 2012). Disks which have
significant vertical motions typically do not form bars (with
the exception of tidally triggered bars; Barnes & Hernquist
1991), but once a disk settles to a thin, dynamically cool
state, the formation of bars proceeds quickly. Most theoret-
ical predictions show that bars are long-lasting in the ab-
sence of significant galaxy interactions (Athanassoula et al.
2005), so the fraction of bars in disk galaxies can measure
the dynamical maturity of that population. For this reason,
tracking the fraction of bars in disk galaxies as a function of
redshift has attracted significant interest since the first re-
solved images of high redshift galaxies were obtained (e.g.,
Abraham et al. 1999; Elmegreen et al. 2004; Jogee et al.
2004; Sheth et al. 2008; Melvin et al. 2014; Simmons et al.
2014).
We create a sample of barred disk galaxies in GZH
by applying cuts on the previous tasks in Table 11. We
first identify 11,049 “bar candidates,” which are disk galax-
ies that are sufficiently face-on to attempt visual identifi-
cation of a bar. These galaxies were selected by applying
the cuts Nbar ≥ 20, ffeatures > 0.23, fclumpy,no > 0.30, and
fedgeon,no > 0.25. These galaxies are featured, non-clumpy,
non-edge on galaxies. Of these, a pure sample of 730 barred
disks was identified by applying a cut of fbar> 0.7. A sub-
sample of 50 galaxies were visually inspected and 94% were
found to contain strong bars. A complete sample of strong
and weak bars was created by applying a cut of fbar> 0.3.
This sample contained 3,218 galaxies, 86% of which were
found to contain weak or strong bars through visual inspec-
tion.
The resulting bar sample can be used to estimate the
redshift evolution of bar fraction; we find a steady decrease
of fbar∼ 0.32 at z = 0.4 to fbar∼ 0.24 at z = 1.0. This de-
crease agrees with Melvin et al. (2014), although they report
a lower overall bar fraction going from fbar= 0.22 at z = 0.4
to fbar= 0.11 at z = 1.0. The difference in total bar fraction
is expected, as this analysis used a looser cut on fbar, there is
no luminosity cut, and the use of debiased values for ffeatures
increases the total amount of disks in the sample compared
to Melvin et al. (2014). However, the results from GZH indi-
cate that if features are reliably identified, the bar is always
visible; for galaxies at increasing redshifts, the disks fade
first but the galactic bar remains visible (Melvin 2016). As
a result, we do not recommend using an evolving cut on fbar
as a function of redshift for the selection of barred disks.
Another existing study using GZH to select barred
galaxies was presented in Cheung et al. (2015). This study
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used a slightly different bar sample selection to demonstrate
that AGN hosts show no statistically significant enhance-
ment in bar fraction or average bar likelihood compared to
closely-matched inactive galaxies. We note that their tech-
nique matched test and control galaxies over the same red-
shift ranges, which minimises the possible impact of redshift
bias.
6.2 Example 2: Identifying clump multiplicity
Clumps are known to be a characteristic feature of galaxies
at high redshift, and there is evidence they play a crucial role
in the evolution of modern spirals, particularly in the for-
mation of central bulges (Elmegreen et al. 2005; Elmegreen
& Elmegreen 2014; Guo et al. 2015; Behrendt et al. 2016).
Simulations show clumps migrate from the outer disk to the
galactic centre in only a few orbital periods (Mandelker et al.
2015) and observations show increasing bulge to clump mass
and density ratios as the Universe evolves since z ∼ 1.5
(Elmegreen et al. 2009), suggesting that clumps coalesce over
time to form the modern bulges of disk galaxies. GZH in-
cludes a “clumpy” path in the decision tree for the purposes
of identifying clumps and investigating their evolution with
redshift.
For galaxies identified as “clumpy” in GZH, the num-
ber of clumps can be determined using Task 16. Table 11
can be used to select 8,444 galaxies measured as “clumpy”
using ffeatures> 0.23 and fclumpy,yes > 0.80 to ensure the
vote fractions for Task 16 are well-sampled. The clump num-
ber can be reasonably identified for 1,112 of the clumpy
galaxies; for the remainder, the unique clumps were less
distinguishable from each other and the exact number of
clumps could not be deduced without careful visual inspec-
tion. In the 1,112 which did have distinguishable clumps,
there are 61 one-clump galaxies using f1 clump > 0.50,
442 two-clump galaxies using f2 clumps > 0.80, 275 three-
clump galaxies using f3 clumps > 0.75, 71 four-clump galax-
ies using f4 clumps > 0.70, and 263 galaxies with more
than four clumps using f>4 clumps > 0.70. Alternatively,
these data may be used to create more general samples
of clumpy galaxies with few clumps and many clumps. A
sample of 989 “few clumps” galaxies can be made using
(f1 clump+f2 clumps) > 0.5 and 2,910“many clumps”galaxies
using (f3 clumps + f4 clumps + f>4 clumps) > 0.5.
7 ANALYSIS
7.1 Demographics of morphology
Any analysis of the morphological distribution of galaxies
must properly consider morphology with respect to other
physical properties of the sample, such as colour, mass, size,
environment, and redshift. We defer such analyses to later
papers, and comment here only on a few broad characteris-
tics of the overall GZH sample.
As an example of visualising the overall morphological
distribution, Figure 13 shows the breakdown of GZH mor-
phologies as a flow diagram. In order to show a physically
meaningful sample, Figure 13 only includes images from a
volume-limited sample (z < 1.0,m < 22.5 in I-band) in a
Table 11. Suggested thresholds for selecting morphological sam-
ples from GZH.
No. Task Previous Vote fraction threshold
task(s) Ntask ≥ 20
01 smooth or features − −
02 edge on 01,12 fclumpy,no > 0.30
03 bar 01,12,02 fedgeon,no > 0.25
01,12,16,15 fclumpy spiral > 0.65
04 spiral arms 01,12,02 fedgeon,no > 0.25
01,12,16,15 fclumpy spiral > 0.65
05 bulge prominence 01,12,02 fedgeon,no > 0.25
01,12,16,15 fclumpy spiral > 0.65
06 odd yes/no − −
07 rounded 01 fsmooth > 0.70
08 odd feature 06 fodd,yes > 0.50
09 bulge shape 01,12,02 fedgeon,yes > 0.40
10 arms winding 01,12,02,04 fspiral,yes > 0.25
11 arms number 01,12,02,04 fspiral,yes > 0.25
12 clumpy 01 ffeatures > 0.23
13 bright clump 01,12,16 fone clump < 0.40
14 bright central clump 01,12,16,13 fbright clump,yes > 0.50
15 clump arrangement 01,12,16 fmultiple clumps > 0.45
16 clump count 01,12 fclumpy,yes > 0.80
17 clumps symmetrical 01,12 fclumpy,yes > 0.80
18 clumps embedded 01,12 fclumpy,yes > 0.80
single HST survey (COSMOS, which has the largest num-
ber of total galaxies). We use a simple plurality vote for
the responses to each task to characterise the morphologies.
This emphasises one of the basic results of the GZH project;
namely, that there are comparable numbers of spheroid and
disk galaxies in the Universe at z ∼ 1, with significant diver-
sity in the arrangement of spiral arms and internal clumps.
The overall distribution of galaxy types is significantly
different than the low-redshift sample classified in SDSS
imaging from GZ1 and GZ2. Lintott et al. (2011) found
that elliptical galaxies exceeded spiral galaxies by a fac-
tor of ∼ 2 : 1 in their spectroscopic sample when using a
plurality vote criterion (although Bamford et al. 2009 show
that this strongly depends on the selection method; spirals
are the dominant population in a volume-limited sample at
z < 0.088). The data for GZH show that smooth galaxies
have a comparable total population to “featured” galaxies
of which roughly 20% are dominated by clumps rather than
well-organized disks. The fraction of objects identified as
stars or artifacts is also much higher in the HST imaging.
By plurality votes, these encompass only ∼ 0.1% of images
in SDSS (Willett et al. 2013), but 6% of images in GZH.
Within the sample of galaxies identified as “not
smooth”, it is clear that the addition of the clumpy branch
is necessary to describe a large fraction of the sample, since
disk-dominated galaxies outnumber clumpy morphologies by
less than a factor of 2. Disk galaxies are mostly unbarred
(Melvin et al. 2014) and possess two visible spiral arms over
a flat distribution of pitch angles and bulge prominence.
Clumpy galaxies are identified across the full range of clump
multiplicities, with the exception of 1-clump galaxies (which
would be difficult to differentiate from compact spheroids).
Roughly half of the galaxies have at least 1 clump identified
as the brightest. Clumps are most commonly asymmetrically
MNRAS 000, 1–28 (2016)
22 Willett et al.
T01:%smooth,%features/disk,%or%star/ar5fact?
T07:%how%rounded%is%it?
T12:%clumpy?
T06:%anything%odd?
end
T08
T16
T02
T03
T04
T10
T11
T05
T15
T13
T14
T17
T18
T09
T06:%anything%odd?
T12:%clumpy?
T02:%edgeFon%disk?
T03:%bar?
T04:%spiral%structure?
T10:%arms%winding
T11:%number%of%arms
T05:%bulge%prominence
T09
T16
T15
T13
T17
T18
T14
rounded 
(4,896)
features/disk 
(4,679)
in-between 
(2,710)
completely 
round 
(1,823)
cigar-
shaped 
(363)
nothing odd 
(8,286)
odd 
feature 
(1,289)
star or 
artifact 
(574)
not clumpy 
(3,718)
not edge-on 
(3,525)
no bar 
(3,184)
bar 
(497)
edge-on 
(231)
spiral structure 
(3,317)
no 
spiral 
(364)
tight 
(1,574)
medium 
(1,396)
loose 
(308)
2 arms 
(1,645)
can’t tell 
(979)
3 
(352)
1 
(203)
4 (52)5+ (47)
just noticeable 
(2,272)
obvious 
(1,053)
no 
bulge 
(336)
dominant (20)
clumpy 
(961)
clumps 
embedded 
(732)
clumps not 
embedded 
(42)
not 
symm. 
(621)
symm. 
(153)
?
12 3
4
5+
spiral
cluster
chain
line
yes
no
yes
no
rounded 
bulge
no 
bulge
Figure 13. Demographics of the morphologies for a volume-limited sample (z < 1.0,mI < 22.5) of the COSMOS galaxies in GZH. Each
node in the diagram (dark blue horizontal bars) represents a task in the tree (Figure 4). The left diagram shows the full decision tree.
The right diagram zooms in on the features/clumpy tasks only. Paths between tasks represent each possible answer to the task, flowing
from top to bottom between their origin and the subsequent task in the tree. Labels are assigned to galaxies based on the plurality
answer for each task, with each galaxy assigned only one label per node. Widths of the paths are proportional to the number of galaxies
assigned to that path. The widths of the nodes are proportional to the number of galaxies for which the question was reliably answered.
arranged in clusters and usually embedded within larger ob-
jects.
7.2 Galaxy Zoo: Hubble and Galaxy Zoo:
CANDELS
There are 7,681 galaxies in the GOODS-S field with
morphological classifications in both GZH and the
Galaxy Zoo: CANDELS project (Simmons et al., submit-
ted). Since both the sensitivity and filters for the two sets of
images are significantly different (and there is no correction
for redshift bias applied to GZC), there is no prior reason
to expect a perfect correlation between the separate vote
fractions for the projects. Briefly, we note that the ffeatures
value for GZH is on average higher than GZC; the effect is
strongest at ffeatures,GZC < 0.3, for which roughly half the
galaxies have ffeatures,GZH > 0.5. However, the correlation
between vote fractions is single-valued (although not linear,
with a Pearson correlation coefficient of r = 0.6), and should
be possible to calibrate using a similar approach to that de-
scribed in Section 4; the correlation between other tasks,
such as edge-on galaxies, is significantly stronger (r = 0.9).
While the raw vote fractions are not directly comparable,
the initial analysis indicates that the broad morphologies
are at least consistent.
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7.3 Comparing GZH morphologies to other
catalogues
All of the Legacy surveys included in the GZH imaging have
had morphological catalogues previously published; these
have significant differences in the number of galaxies, size
and magnitude limits, classification scheme, and the meth-
ods used for measuring morphology. These catalogues have
been cross-matched to GZH to compare results.
The types and accuracy of morphological classifica-
tion strongly depend on the sample and methods being
used. In an attempt to make a consistent comparison be-
tween different techniques, galaxies are broadly grouped into
three categories: bulge-dominated/elliptical/smooth, disk-
dominated/spiral, and irregular/clumpy. These categories
are matched to two GZH parameters: ffeatures,best, which
identifies disk-dominated and clumpy galaxies, and fodd,
which identifies deviations from well-formed spirals or S0s
and which constitutes a “catch-all” for the variety of asym-
metric morphologies that can constitute an irregular galaxy.
The comparison and analysis of the GZH morpholo-
gies is done on a set of matched, volume-limited samples
at z < 1.0 and mI|i|z < 22.5 mag. The redshift and magni-
tude limits for the sample are chosen to match the shared
constraints for the shallowest depths (GEMS; Bundy et al.
2005) and the limits on morphological reliability (COS-
MOS/ZEST; Scarlata et al. 2007) in the comparison cat-
alogues. We match all catalogues against GZH using a posi-
tional radius of 0.5′′.
Figure 14 shows the proportion of galaxies as split by
their automated/expert visual morphologies for each of the
six catalogues matched to GZH. Galaxies from every cata-
logue show a strong correlation between ffeatures,best and the
fraction of galaxies identified as spirals, with a correspond-
ing anti-correlation between ffeatures,best and the fraction of
ellipticals.
AEGIS galaxies were morphologically classified using
non-parametric measurements by Lotz et al. (2008). Their
method used a combination of the Gini coefficient (G),
which measures the relative inequality in pixel brightness,
and M20, the second-order moment of the brightest 20% of
the light (Lotz et al. 2004). A linear combination of G and
M20 delineates three broad categories of galaxy morphol-
ogy: E/S0/Sa (“elliptical”), Sb/Sc/Ir (“spiral”), and mergers
(“irregular”). We limit the AEGIS galaxies to those with
reliably-measured morphologies and S/N > 3 in both V -
and I-bands in Lotz et al. (2008).
The AEGIS sample had only 485 total galaxies matched
with GZH, and so the statistical uncertainties in the analysis
are higher. However, at ffeatures,best> 0.8 there is a clear
separation of featured and unfeatured galaxies in Figure 14,
though this is not seen at lower ffeatures,best.
Morphologies for GEMS galaxies were measured by
Ha¨ußler et al. (2007), who used single-component Se´rsic fits
to the F850LP imaging. There are 8,846 galaxies with mea-
surements in both Ha¨ußler et al. (2007) and GZH. The pri-
mary morphological parameter in the automated catalogue
is the Se´rsic index n defining the radial surface brightness
profile. “Elliptical” galaxies are selected by n > 2.5 and “spi-
rals” by n < 2.5. There is no automatic measurement of
irregular or clumpy structure.
Galaxies from GEMS also have a strong correlation
with ffeatures,best (Figure 14), which is somewhat surprising
(but encouraging) considering the known limits of assigning
galaxy morphology based only on a single Se´rsic parame-
ter. Visual inspection of images of the exceptions — where
both ffeatures,best and n are high — show that most are obvi-
ous spirals but with prominent bulges. This means that the
single-component Se´rsic fit is likely choosing too small of an
effective radius and missing the extended disk structure for
a large population of galaxies. This is a known issue with
using n as a standalone measure of galaxy morphology – it
is relatively common, for example, to measure high n for an
object with an exponential disk but a central cusp in the
light profile (eg, due to an AGN, cluster, foreground star,
noise, etc).
Galaxies in both of the GOODS fields down to a limit
of zAB = 22.5 were visually classified by a single expert
(R.S. Ellis), inspecting both z-band and composite V iz
colour images (Bundy et al. 2005). These morphologies are
assigned a numerical value based on categories in Brinch-
mann et al. (1998): the corresponding morphologies used
are “elliptical” (classes 0,1,2), “spirals” (classes 3,4,5), and
“irregular” (classes 6,7,8).
The GOODS galaxies show a very similar trend to the
AEGIS images in Figure 14, with nearly 100% pure samples
at the lowest and highest values of ffeatures,best. We con-
jecture that the strong agreement is at least partially due
to the shared method of visual classification, and reinforces
the findings from several phases of Galaxy Zoo that crowd-
sourced classifications can be competitive with dedicated ex-
perts.
COSMOS galaxies have multiple published datasets au-
tomatically classifying morphology, all using a variation of
non-parametric measurements. Cassata et al. (2007) used a
combination of concentration (C), asymmetry (A), G, and
M20 (Cassata et al. 2005) make empirical divisions based
on several hundred training images to assign galaxy mor-
phology. A similar method was employed by Tasca (2011),
using the same non-parametric indices but with a differ-
ent method of calculating the Petrosian radius and total
light profile, and using a nearest-neighbors method to label
morphologies. Scarlata et al. (2007, ZEST) used C, A, G,
M20, the galaxy ellipticity (), and Se´rsic index (n) to quan-
tify morphology; a principal component analysis is used to
assign galaxies to categories. All three COSMOS catalogs
use discrete morphological categories of ellipticals, spirals,
and peculiar/irregulars. We use the same categories with the
exception of assigning S0/bulge-dominated disks (type 2.0)
from ZEST into the unfeatured category.
Galaxies from the COSMOS catalogues all have mor-
phologies that are reasonably well-predicted by the GZH
based on ffeatures,best. The relation is strongest for early-type
galaxies, since the comparable fractions of irregulars and spi-
rals shows that clumpy/asymmetric morphologies are clearly
also being captured by the ffeatures,best parameter. The small
dropoff in the fraction of early-types for the Cassata and
ZEST samples at ffeatures,best< 0.1 in Figure 14 is some-
what puzzling, but could potentially be due to the presence
of a small population of extremely compact objects (stars or
quasars) that would be classified as artifacts in GZH.
A detailed comparison of all external catalogues is out-
side the scope of this paper, but we emphasise only that it
is impossible for any catalogue to be fully consistent with
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Figure 14. Distributions of morphological parameters for a volume-limited sample (z < 1.0, m < 22.5) of galaxies matched between
GZH and six published morphological catalogues, split by survey (AEGIS, COSMOS, GEMS, and GOODS). This plot shows the fraction
of overall galaxies for each of the external morphological categories as a function of ffeatures,best in GZH. The shaded regions around the
binned fractions are confidence intervals calculated for a binomial population (Cameron 2011).
all of the previously published datasets (for example, only
64% of the galaxies in Tasca 2011 have the same morpho-
logical class as the same galaxies in Cassata et al. 2007). We
interpret the broad agreements between early-types, spirals,
and irregulars between GZH and all three methods of auto-
mated classification as a validation of both the crowdsourced
visual classifications provided by GZH and those automated
methods.
It has been proposed that automated methods are
preferable to visual classification due to being quantified and
more easily reproducible (e.g., Conselice 2014; Pawlik et al.
2016). We argue that this distinction applies only to visual
classification done by individual and/or small numbers of ex-
perts. The technique of crowdsourcing using a large number
of independent classifiers provides visual classification which
is both quantified, and reproducible, and (as demonstrated
in this section), broadly agrees with all the automated meth-
ods and expert visual classifications.
We repeated all analyses comparing morphologies be-
tween GZH and external publications on the entire GZH
dataset, rather than the volume-limited sample (z <
1.0,m < 22.5) discussed above. If galaxies at all redshifts
and at the original magnitude limit of m < 23.5 are used, the
correlations between all of the automatic morphological pop-
ulations and GZH decrease significantly. The exceptions are
the GEMS galaxies, which are the only sample that was vi-
sually classified and had a shallower magnitude cut on their
catalogue. Based on these comparisons, we suggest that use
of morphological catalogues with these HST images be lim-
ited to galaxies with mI|i|z < 22.5; fainter targets have been
demonstrated to be less reliable, regardless of the method of
morphological classification being used.
8 SUMMARY
This paper presents the catalogue release for the Galaxy
Zoo Hubble project, which uses crowdsourced visual clas-
sifications to measure galaxy morphologies. The first two
phases of Galaxy Zoo (Lintott et al. 2011; Willett et al.
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2013) used images of low-redshift galaxies from SDSS; this
is the first result of the project with space-based images of
high-redshift targets (in addition to the Galaxy Zoo: CAN-
DELS collaboration; Simmons et al., submitted). The final
sample includes classifications for 189,149 images generated
from 145,741 unique galaxies (of which 115,402 are in HST
Legacy imaging).
Galaxies were selected from a brightness-limited sam-
ple from multiple Legacy surveys using the Advanced Cam-
era for Surveys on the Hubble Space Telescope, including
AEGIS, GEMS, GOODS-N, GOODS-S, and COSMOS. The
catalogue also includes classifications for SDSS images from
Stripe 82 at z < 0.25; these images serve both as a low-
redshift anchor for cosmological studies and a potential com-
parison for the different epochs of classification between
GZH and Galaxy Zoo 2 (Willett et al. 2013).
The data in the GZH catalogues have been extensively
reduced and tested. A dominant effect is the known bias
against identifying disky and asymmetric sub-structures at
either low resolution or surface brightness. This can be the
result either of genuinely small or dim galaxies, or a per-
ceived effect from observing galaxies at further distances
(higher redshift). To calibrate this without potentially over-
correcting for the genuine morphological evolution of galax-
ies over cosmic time, the GZH project uses SDSS images
of low-redshift galaxies, processes them to appear as if they
were at higher redshift, and classifies them through the GZH
interface in an identical fashion. The resulting change in
ffeatures as a function of z and µ is applied as a multiplicative
correction to the top-level vote fractions for ∼ 50% of the
GZH galaxies. However, any population studies using GZH
morphological data must use a combination of debiased vote
fractions and upper limits from the “uncorrectable” galaxies,
due to the evolving nature of the thresholds as a function of
redshift.
Galaxies in GZH show significant changes in the
disk/elliptical fraction as a function of redshift, along with
an increasing number of galaxies dominated by smaller
clumps and presumed to be in the process of building up
their baryonic mass through a combination of hierarchical
merging and in-situ star formation. While the majority of
scientific interpretation is left to future work, this paper con-
firms the decrease in observed bar fraction with increasing
redshift and identifies a new way of selecting clumpy galaxies
as a function of clump multiplicity.
The full data tables for the catalogues can be accessed in
machine-readable form from both the journal and at http:
//data.galaxyzoo.org. All the code and data tables used to
generate this manuscript can be found at https://github.
com/willettk/gzhubble.
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Table A1. Correctable fractions for the top-level task in GZH in
the GOODS shallow-depth (2-epoch) images.
GOODS-N GOODS-S Total
correctable 1,051 730 1,781
lower-limit 131 334 465
no correction needed (z ≤ 0.3) 267 267 534
NEI 943 2,078 3,021
no redshift information 159 184 343
total 2,551 3,593 6,144
APPENDIX A: GOODS SHALLOW DEPTH
DATA
GZH used both 5-epoch and 2-epoch sets of data to con-
struct the GOODS set of images. The 11,157 full depth 5-
epoch images are used in the main catalogue; the classifica-
tions for the 6,144 goods-shallow images are provided as
a supplementary table. This section analyses the effect of
image depth on the ability of the Galaxy Zoo classifiers to
identify features or disk structure in the images.
A1 Comparing shallow and full depth
morphologies
Of the 11,157 galaxies in the GOODS-N and GOODS-S full
depth sample, 4,460 are also in the shallow-depth sample.
Figure A1 shows a strong correlation between ffeatures for
both sets of images. The mean change in ffeatures from the
shallow to full depth images ffeatures,full−ffeatures,shallow ≡
∆f = −0.01, with a standard deviation of σ = 0.18. While
there is some variance in ∆f in the whole sample, the change
is usually small and not often significant enough to change a
morphological classification. Defining a clean sample of disk
galaxies as those with ffeatures,best> 0.8, elliptical galaxies as
those with fsmooth,best < 0.2, and intermediate as those in
between, 75% of the sample would not change morphology.
Of the remaining 25% that would change morphology, only
0.2% (9 galaxies) drastically change morphology either from
smooth to featured or vice versa, while the rest transition
to or from the “intermediate” morphology. Details can be
seen in Table A2 and examples of images representing the
9 possible changes (or lack of) in morphology are shown in
Figures A2,A3, and A4.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Table A2. Properties of galaxies whose morphologies changed
or stayed the same in the shallow vs full images. Featured here is
defined as ffeatures,best> 0.8, intermediate = 0.2 <ffeatures,best<
0.8, smooth = fsmooth,best < 0.2.
N % < ∆f > < z >
smooth to smooth 708 15.9 0.00 0.72
smooth to intermediate 346 7.8 0.21 0.70
smooth to featured 6 0.1 0.80 0.45
intermediate to smooth 266 6.0 −0.24 0.66
intermediate to intermediate 2,363 53.0 0.00 0.75
intermediate to featured 121 2.7 0.17 0.82
featured to smooth 3 0.1 −0.73 0.71
featured to intermediate 370 8.3 −0.15 0.69
featured to featured 277 6.2 −0.05 0.71
Total 4,460 100
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Figure A1. Distribution of ffeatures for the 4,460 GOODS galaxies with both shallow (2-epoch; goods-shallow) and full-depth (5-epoch;
main) images morphologically classified in GZH. For most galaxies, the value of ffeatures is consistent (∆ffeatures < 0.2) between depths.
Examples of galaxies with sharp changes in ffeatures, as well as those with little to no change are shown in Figures A2-A4.
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Figure A2. Example images of GOODS galaxies that compare GZH morphological classifications between their 2-epoch and 5-epoch
imaging. The top set were classified as “smooth” in both the 2- and 5-epoch imaging. The middle set was classified as “smooth” in the
2-epoch imaging and as intermediate between “smooth” and “featured” in the 5-epoch imaging. The bottom set was classified as “smooth”
in the 2-epoch imaging and “featured” in the 5-epoch imaging (there are only seven such images in the sample).
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Figure A3. Similar to Figure A2. The top set (a) were classified as “intermediate” in the 2-epoch imaging and “smooth” in the 5-epoch
imaging. The middle set (b) was classified as intermediate in both the 2- and 5-epoch imaging. The bottom set (c) was classified as
“intermediate” in the 2-epoch imaging and “featured” in the 5-epoch imaging.
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Figure A4. Similar to Figure A2. The top set (a) were classified as “featured” in the 2-epoch imaging and “smooth” in the 5-epoch
imaging (there were only six such images in the sample). The middle set (b) was classified as “featured” in the 2-epoch imaging and
“intermediate” in the 5-epoch imaging. The bottom set (c) was classified as “featured” in both the 2- and 5-epoch imaging.
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